Introduction
The conventional type-I Zn 1-x Cd x O quantum well (QW) with ZnO barriers have gained considerable attention due to prospective applications in optoelectonics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . One of the major challenges that prevent high performance of ZnO/Zn 1-x Cd x O /ZnO QW is the large spontaneous and piezoelectric polarization in the QW, which induces the low electron and hole wave functions overlap, especially for QW with high cadmium content and thick QW active layer as well as the redshift in transition energy (well-known QCSE) [2, 7] . Therefore, the main efforts of investigations should be focused on a searching the ways of the effective suppression of the carrier separation effect. To our best knowledge, there are several approaches, which were proposed to suppress the polarization induced effects in type-I QWs, such as (i) layer growth on non-polar and semi-polar substrates [11] [12] [13] , (ii) formation of the staggered QW [14] , (iii) using the embedded delta-doped layer [15] , formation of interdiffused QW [16] . In contrast to other approaches, the interdiffusion technology attracts a lot of attention due to the fact that it can provide controllable/reliable tailoring the confinement profile by means of a simple post-growth treatment of the as-grown conventional triangleshaped QW with high build-in internal electrtic field [17] . As far as we know there are several ways in which intermixing could be achieved, such as impurity-induced disordering [18] , ion implantation intermixing [19] , impurity free disordering [20] and laser annealing [21] . These features suggest that the interdiffused quantum well structure can be used to produce polarization insensitive light-emission diodes.
Despite of the unquestionable availability of the intermixing approach for improving the properties of ZnO/Zn 1-x Cd x O/ZnO QWs there is a lack of literature data devoted to this effect [9, 22] . Taking into account a necessity to understand the correlation between interdiffusion and QW's properties, we preformed the theoretical analysis of intermixed ZnO/Zn 1-x Cd x O/ZnO QWs using the approximation of a double error function potential and self-consistent 1D Schrödinger-Poisson solver. The band structure and optical properties of the interdiffused QWs with different interdiffusion lengths were compared to that of the conventional ZnO/Zn 1-x Cd x O/ZnO QWs.
Theoretical approach
The calculation of the band structure an optical properties of the ZnO/Zn 1-x Cd x O/ZnO QWs is based on a self-consistent 1D Schrödinger-Poisson solver using k.p Hamiltonian for wurtzite QWs [7, [23] [24] [25] . The model takes into account the intermixing effect, strain effect, spontaneous and piezoelectric polarizations [23] . [26] , where D and t are the Zn-Cd interdiffusion coefficient and annealing time, respectively. In the model presented here, we have assumed an isotropic interdiffusion of Zn and Cd with the diffusion coefficients being independent of their respective concentrations, which were also assumed to be equal and constant, i.e., we assumed Fick's second law of diffusion applies [27] .
The diffused Cd composition profile, x(z), across the QW structure is given by [27] 
where x 0 is the as-grown Cd mole fraction in the well, L w is the as-grown width of the QW, z is both the quantization and the growth axis (QW centered at z=0), and erf denotes the error function [28] . Zn-Cd interdiffusion coefficient D can be expressed for Zn 1-x Cd x O alloy system as follows:
where D Cd and D Zn are diffusion coefficients of cadmium and zinc, correspondingly, and they can be described by an Arrhenius equation as follows [29] : [31] ).
The parameters involved in the calculation of optical properties for ZnO/Zn 1-x Cd x O/ZnO QWs were obtained from Refs. [7] and [10] .
At the final stage of our theoretical analysis we calculated the total spontaneous emission spectra of the interdiffused QWs by means of the following equation [32] :
where ω is the frequency, ħ is the Planck constant, c is the light speed, 
where q is the elementary charge, k t is in-plane wave-vector, n r is the effective refraction index, L is the well thickness, m 0 is free-electron mass, ε 0 is the vacuum permittivity, ħΓ is the half-linewidth of the Lorentzian function, (for our calculation Γ=(0.1 ps) Kane's parameters via following relationships [33] : Integrating the spontaneous emission spectra (which were defined by Eq. 4) within the whole energy range gives a possibility to obtain the values of spontaneous emission rate per unit volume [32] :
Results and discussion
In general, the quantum well intermixing is based on a fact that a QW is an intrinsically metastable system due to the large concentration gradient of atomic 6 species across the interface between the QW layer and the barrier. At high temperatures, diffusion of atom species from one lattice to another makes the QW smeared with adjacent barrier materials (Fig. 1) . This intermixing process can be significantly enhanced by the presence of impurities or point defects, in the vicinity of the interfaces of the QW. This mechanism promotes the smoothing the initially abrupt cadmium content profile to approximately a double error function as illustrated in Fig. 2 . As interdiffusion proceeds, the Cd content in active layer decreases and the QW depth/width is changed (Figure 2 ). Immediately after, the change in compositional profile will lead to modification of band structure and optical properties of QWs. Using six-by-six k.p approach and finite difference scheme we computed the subband bound states in QW in order to understand the role of interdifussion. . It is interesting to note that increase in diffusion length significantly modifies the valence band structure of ZnO/Zn 1-x Cd x O/ZnO quantum well. First of all, the interdiffusion leads to change of the confinement profile from triangle-shaped to parabolic-like. In this regard, all valence subbands shift downwards and energetic distance between these subbands is reduced (Fig. 3b) . Nevertheless, the HH1 subband remains parabolic shape.
Another observable feature is the strong mixing between the HH2 and LH2 valence subbands at region k t greater than 1 nm
Based on the analysis of Bloch wave functions for carriers and overlap integrals, the matrix elements for main interband transitions for TE-and TMpolarization modes were calculated. It is appropriate to note that in the case of TMpolarization, electric field vector is directed along the c axis (E || c), whereas in the case of TE-polarization electric field vector is perpendicular to the c axis (E┴c). In many cases TM-polarization mode is undesirable because the radiation output (with such polarization) extracted from the wide-gap semiconductors in the direction perpendicular to the (0001) plane is virtually impossible. Fig. 4 shows the typical dependence of the matrix elements on the wave vector for conventional and interdiffused QWs. The optical matrix elements of interdiffused QW structures [see Fig 4c and 4d ] are shown to be larger than that of a conventional QW structure [see Fig4a and 4b] . This is caused by the reduction of the internal electric field due interdiffusion process. The main contribution to the spontaneous emission rate was from the C2-HH1 and C2-LH1 transition matrix elements. We also observed that the transition matrix element at the zone center between the conduction band and heavy-hole subband is similar to that between the conduction band and light-hole subband. It is interesting to note that the transition matrix elements for TE mode are much greater than in the case of TM-polarization for both QW structures. It can be explained by the fact that TM matrix elements are mainly determined by the g 3 and g 6 components of the carrier wavefunction, having low amplitude for heavy hole and light hole subbands. the sheet carrier density for both QW structures. We can see that the emission spectra increase with increasing carrier density because of the screening effect of the internal field. Fig. 6 . Furthermore, according to the cutoff rule (that defines an upper limit for the quantum well thickness, above which the quantum confinement effect is considered to be inessential [34] ), the complete QW intermixing leads to reduction of the two-dimensional nature of the confined states and their transformation into three dimensional (3D) unbound bulklike continuum states. Obviously that such vanishing of the quantum well confinement will play a negative role in forming high-efficiency radiative recombination channels in ZnO-based QW structures. 
Conclusions
We have presented a comparative study of the band structure, matrix elements and spontaneous emission spectra of the conventional and interdiffused ZnO/ZnCdO/ZnO QWs. Our calculation is based on the valence band Hamiltonian derived using the k.p method and solving the self-consistent Schrödinger-Poisson equations. We showed that an increase in the diffusion length enhances the TE and TM matrix elements for main optical transitions. We also demonstrated that intermixed QW offers pronounced higher spontaneous emission rate reaching the maximum at the diffusion length of 4 Å due to the improved quantum confinement characteristics. The obtained results suggest that the time-and temperatureregulated Zn-Cd interdiffusion can be cost-effective tool for selective enhancement of the visible light emission from ZnO-based QWs.
